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INTRODUCTION
Toxoplasma gondii is an obligate intracellular parasite that in-
fects a wide range of mammalian cells. When host cells are in-
fected with T. gondii, the parasite is known to modulate the 
host cell cycle and cell proliferation mechanisms [1]. Previous 
studies showed that T. gondii infection induced the host cells 
to enter S phase. These changes not only appeared in T. gondii-
infected cells but also in adjacent cells [2]. The study suggested 
that these changes can be mediated by soluble factors in the 
supernatant of the culture media. Because T. gondii invades the 
S phase cells most efficiently, the cell cycle changes of the 
neighboring cells are favorable for T. gondii [3]. Other studies 
revealed that T. gondii infection caused the host cells to transit 
through G1/S phase and arrest at G2 phase [1,4].  
Exosomes are extracellular vesicles that contain many pro-
teins and miRNAs. It is known to function in intercellular 
communications and modulate host-parasite interactions [5]. 
Exosomes from parasites can be transferred to host cells and 
change the host immune responses [6]. In addition, exosomes 
from a Plasmodium falciparum-infected RBC were taken by an-
other infected RBC and changed sexual differentiation of the 
intra-erythrocytic stages [7]. In T. gondii, it was reported that 
exosomes secreted from T. gondii-infected cells included many 
miRNAs that were different from those originating from unin-
fected host cells [6]. However, more detailed studies, including 
the effects of these exosomes on host cell cycle and prolifera-
tion, have not been performed.
In this study, we supposed that the exosomes secreted from 
T. gondii-infected cells have effects on host cell cycle regulation 
and host cell proliferation. In addition, we tried to identify 
changes in miRNA profiles induced by exosome treatment 
and to predict possible target genes using a web-search.
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Abstract: Toxoplasma gondii infection induces alteration of the host cell cycle and cell proliferation. These changes are 
not only seen in directly invaded host cells but also in neighboring cells. We tried to identify whether this alteration can be 
mediated by exosomes secreted by T. gondii-infected host cells. L6 cells, a rat myoblast cell line, and RH strain of T. gon-
dii were selected for this study. L6 cells were infected with or without T. gondii to isolate exosomes. The cellular growth 
patterns were identified by cell counting with trypan blue under confocal microscopy, and cell cycle changes were inves-
tigated by flow cytometry. L6 cells infected with T. gondii showed decreased proliferation compared to uninfected L6 cells 
and revealed a tendency to stay at S or G2/M cell phase. The treatment of exosomes isolated from T. gondii-infected cells 
showed attenuation of cell proliferation and slight enhancement of S phase in L6 cells. The cell cycle alteration was not as 
obvious as reduction of the cell proliferation by the exosome treatment. These changes were transient and disappeared 
at 48 hr after the exosome treatment. Microarray analysis and web-based tools indicated that various exosomal miRNAs 
were crucial for the regulation of target genes related to cell proliferation. Collectively, our study demonstrated that the 
exosomes originating from T. gondii could change the host cell proliferation and alter the host cell cycle. 
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MATERIALS AND METHODS
L6 cells and T. gondii 
L6 rat myoblast cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Welgene, Seoul, Korea) supple-
mented with 10% fetal bovine serum (FBS, Welgene), 4 mM L-
glutamine, 0.2 mM penicillin, 0.05 mM streptomycin (Wel-
gene) at 37˚C in humidified air containing 5% CO2. The RH 
tachyzoites of T. gondii were maintained under in vitro condi-
tion using Vero cells. The tachyzoites were collected from the 
culture supernatant of infected Vero cells by serial centrifuga-
tion at 1,500 rpm for 5 min and 3,000 rpm for 10 min. 
Cell number counting and confocal microscopy
To investigate the cell proliferation patterns, L6 cells were in-
oculated in 6-well plates, and cell numbers in a well were 
counted after trypan blue staining at pre-determined time 
points. The phase-contrast images of T. gondii-infected cells 
were acquired with confocal microscope (FV 1000, Olympus, 
Japan) after fixation with 4% paraformaldehyde.
Isolation of exosomes
Exosome-depleted culture media were prepared by ultracen-
trifugation of DMEM with 10% FBS at 100,000 g for 16 hr at 
4˚C followed by filtration through a 0.22-µm filter (Nalgene, 
Rochester, New York, USA). These media were used for isola-
tion of exosomes. At first, 5×105 L6 cells were inoculated in 
100 mm culture dish with exosome-depleted culture media. 
After 12 hr of incubation, the RH tachyzoites (multiplicity of 
infection; MOI=20) were added. The culture media were ex-
changed with fresh exosome-depleted culture media 24 hr af-
ter T. gondii inoculation, thereby removing the non-invaded 
parasites. The exosomes of control group, i.e., L6 cells without 
T gondii infection, were also collected by the same protocol ex-
cept that PBS was added instead of RH tachyzoites.
Exosomes were isolated from the culture supernatant by dif-
ferential centrifugation, which is the most widely used meth-
od. Briefly, the L6 cell culture supernatants were harvested and 
centrifuged at 300 g for 10 min at 4˚C. The supernatant was se-
rially transferred to a new tube and centrifuged at 2,000 g for 
10 min at 4˚C and at 10,000 g for 30 min at 4˚C. The superna-
tant was then ultracentrifuged at 100,000 g for 70 min at 4˚C 
with ultracentrifuge (Optima XE-100 Ultracentrifuge, Beckman 
Coulter, Miami, Florida, USA). The observed exosome pellets 
in each tube were collected together and ultracentrifuged once 
more at 100,000 g for 70 min at 4˚C. The final pellet was re-
suspended in 300 μl of PBS for RNA or protein analysis. The 
concentration of isolated exosome was determined by Nano-
Drop 2000 Spectrophotometer.
Flow cytometry
L6 cells were grown in 6-well plates. Initially, 2×105 L6 cells 
were inoculated in exosome-depleted culture media. At 12 hr, 
1×106 RH tachyzoites (MOI 20) or exosomes from L6 cells 
with or without T. gondii infection were added at 100 µg/ml. 
The tachyzoites were allowed to invade the cells for 24 hr, and 
then non-invaded parasites were washed away. The culture 
media containing exosomes were maintained without media 
change. At pre-determined time points, the cells were trypsin-
ized and washed 3 times in 1 ml of PBS. After centrifugation at 
1,200 rpm for 5 min, cell pellets were re-suspended in 0.3 ml 
PBS. The cells were fixed by incubation for 1 hr on ice with ad-
dition of 0.7 ml of 70% ethanol. The fixed cell suspensions 
were incubated in 37˚C for 1 hr with RNase A. Finally, the cells 
were stained with propidium iodide (PI) and analyzed on a 
cytometer at 488 nm. 
miRNA microarray
Exosomal RNA was extracted from L6 cell-derived exosomes 
using miRNeasy Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. The RNA concentration 
was determined by NanoDrop 2000 Spectrophotometer. RNA 
quality for microarray was assessed by Agilent 2100 Bioanalys-
er (Agilent Technologies, Amstelveen, Netherlands).
The miRNA expression profiling was performed using miR-
CURYTM LNA microRNA Array, 7th generation-has, mmu, and 
rno array (EXIQON, Vedbaek, Denmark). We used 250-1,000 
ng of exosomal RNA for Cy3 dye labelling. Labeled samples 
were subsequently hybridized onto a microarray slide using a 
hybridization chamber kit (Agilent Technologies, Santa Clara, 
California, USA) and hybridization gasket slide kit (Agilent 
Technologies). Hybridization was performed over 16 hr at 
56˚C followed by washing the microarray slide as recommend-
ed by the manufacturer. The microarray slides were then 
scanned with Agilent G2565CA Microarray Scanner System 
(Agilent Technologies). Scanned images were imported by Agi-
lent Feature Extraction software version 10.7.3.1 (Agilent Tech-
nologies), and fluorescence intensities of each image were 
quantified using the modified Exiqon protocol and corre-
sponding GAL files.
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Target genes prediction 
Among the miRNAs identified by microarray, those showing 
signal intensity more than 9.0 (log2) were only included in 
the analysis. The differentially expressed miRNAs were deter-
mined as those showing greater than 4.0-fold change of signal 
intensity between 2 groups, exosomal miRNAs from L6 cells 
with or without T. gondii infection. The predicted target genes 
of these miRNAs were identified using multiple miRNA target 
prediction web tools, miRDB (http://mirdb.org/miRDB). The 
functions of the target genes were analyzed by another web-
tool, DAVID Bioinformatics Resources 6.7 (http://david.ncif-
crf.gov).
Statistical analysis
The independent t-test was used to compare the means be-
tween 2 groups. 
RESULTS
T. gondii infection resulted in decrease of L6 cell 
proliferation through arrest of G2/M and S phase
The L6 rat myoblast cell line was selected to study interac-
tion between the host cell and T. gondii. L6 cells are known to 
differentiate into myocytes under confluent condition or with 
special differentiation medium [8]. Experiments were per-
formed at early stages of cell culture and under normal growth 
medium to maintain proliferation of L6 cells. Cells were incu-
bated in culture medium alone or with T. gondii RH tachyzo-
ites. Non-invaded parasites were washed away after 24 hr of 
incubation. The cell numbers were counted, and the phase-
contrast images were acquired at the pre-determined time 
points. The DNA contents were measured at 24 hr and 48 hr 
after the tachyzoite inoculation by flow-cytometry analysis of 
PI-stained nuclei.
T. gondii-infected L6 cells showed decreased proliferation 
compared to uninfected cells (Fig. 1A). The difference in cell 
numbers between the 2 groups appeared early after T. gondii 
inoculation and became obvious at 48 hr post infection. After 
72 hr post infection, the total cell numbers in infected cells be-
gan to decrease. The phase-contrast images showed continu-
ous intracellular proliferation of T. gondii (Fig. 1B, C). The cell 
lysis was obvious at 72 hr post infection, explaining the de-
crease of the cell counting. In T. gondii-infected cells, G2/M and 
S phase were increased; however, G0/G1 phase were decreased 
compared to uninfected cells. Between 24 hr and 48 hr post in-
Fig. 1. (A) Cell growth patterns of uninfected and T. gondii-infect-
ed L6 cells. The cell numbers differed significantly at 48 hr and 
120 hr post infection (*P<0.05). (B, C) Phase-contrast images of 
T. gondii-infected cells at 24 hr and 48 hr post infection 
(MOI=20), respectively. The images show continuous proliferation 
of T. gondii in host cells. Bar=10 µm. (D) Cell cycle changes in-
duced by T. gondii infection at 24 hr and 48 hr post infection. 
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fection, the proportion of cells in the G2/M stage decreased in 
uninfected L6 cells from 20.8% to 15.4%. However, these 
changes did not occur in T. gondii-infected cells (Fig. 1D).
Effects of exosomes on cell cycle and cell proliferation
To identify whether exosomes can mediate changes on cell 
cycle and cellular proliferation, cells were incubated with the 
exosomes isolated from L6 cells with or without T. gondii, re-
spectively. Cells were trypsinized and analyzed by phase con-
trast microscopy for counting the cell numbers or by flow cy-
tometry analysis for measurement of the cell cycle. All experi-
ments were duplicated. 
In L6 cells cultured with the exosomes derived from T. gon-
dii-infected cells (considered as RH tachyzoite exosome), the 
host cells proliferated less than those grown in culture media 
alone and also those grown with the exosomes derived from 
uninfected L6 cells (considered as L6 cell exosome). The cells 
treated with RH tachyzoite exosome reached only to 208.1%, 
whereas those treated with L6 exosome to 367.5% at 36 hr 
post treatment. L6 cells without treatment with exosomes pro-
liferated to 376.9%. The difference was statistically significant 
at P=0.01 and P<0.001, respectively (Fig. 2). At 48 hr post in-
fection, these changes disappeared.
By comparison, changes in the cell cycle were not as evident 
as those of the cell number. Although L6 cells cultured with 
the RH tachyzoite exosome showed increase in S stage (16.9% 
vs 15.8%, P=0.028), and decrease in G2/M stage (20.9% vs 
25.0%, P=0.030) compared to those treated with L6 exosome 
at 12 hr post treatment, these changes disappeared gradually 
(Figs. 3, 4). At 48 hr post infection, both cells grown with L6 
cell exosome and RH tachyzoite exosome revealed similar dis-
tribution patterns on the cell cycle stage. These patterns were 
also similar to that of the control group, L6 cells grown only in 
usual culture media.
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Fig. 2. Cell growth patterns of L6 cells grown with usual culture 
media, T. gondii-infected, treated with 100 µg/ml of exosomes 
from uninfected (L6 exosome) and T. gondii-infected (RH exo-
some) cells. The number of L6 cells treated with RH exosome 
was significantly different from that of the cells treated with L6 
exosome (*P=0.001) or that of the cells grown with usual culture 
media (**P<0.001) at 36 hr by independent t-test.  
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Fig. 3. Changes of the percentage (%) of cells in the S phase at 
12, 24, 36, and 48 hr post T. gondii infection or exosome treat-
ment. Only minute difference is observed between cells treated 
with L6 exosome or RH tachyzoite exosome at 12 hr post treat-
ment (*P=0.028).
Fig. 4. Changes of the percentage (%) of cells in the G2/M phase 
at 12, 24, 36, and 48 hr post T. gondii infection or exosome treat-
ment. Cells treated with RH tachyzoite exosome showed de-
crease in G2/M phase compared to those treated with L6 exo-
some at 12 hr post treatment (*P=0.030).
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miRNA microarray
The microarray analysis was performed to investigate the 
difference in the levels of miRNAs contained in RH tachyzoite 
exosomes and L6 cell exosomes. Among the total 701 miRNAs 
screened, 34 miRNAs revealed increased signal intensity and 
30 miRNAs showed decreased signal intensity, i.e., >9 normal-
ized signal intensity and more than 4-fold change (Log 2). The 
names of these significantly changed miRNAs are shown in 
Fig. 5.  
Target gene analysis
The predicted target genes of the significantly changed miR-
NAs were acquired by searching web-based database, mirDB 
(http://mirdb.org/miRDB). Genes with target score 70 and 
more were selected. Gene ontology was searched via web-
based tools, DAVID Bioinformatics Resources 6.7 (http://da-
vid.ncifcrf.gov) [9].
The miRNAs with gene ontology related with cell cycle or 
cell proliferation were searched. Only gene ontology terms 
with P-value less than 0.05 were selected. Finally, 11 miRNAs 
were selected, 5 of them were increased in the RH tachyzoite 
exosomes than in the L6 cell exosomes, and 6 decreased. 
These 11 miRNAs and their target genes are shown in Table 1.
DISCUSSION
We have shown that T. gondii infection of L6 cells resulted in 
decreased host cell proliferation and cell cycle alteration. L6 
cells incubated with the exosomes from T. gondii-infected cells 
also showed similar changes, although transiently. The micro-
array analysis of the exosomes identified miRNAs with signifi-
cant difference in signal intensity between the RH tachyzoite 
exosomes and the L6 cell exosomes. The overall functions of 
these miRNAs were estimated by gene ontology terms. Among 
these miRNAs, those, of which the functions suggest cell cycle 
and cell proliferation regulation, were also identified by web-
based tools.
The cell cycle dysregulation phenomenon caused by the in-
fectious organism is already well recognized. Many viruses al-
ter the cell cycle of the infected host cells [10]. Among the pro-
tozoan parasites, Theileria species are famous for inducing in-
fected cells to proliferate [11]. Several studies already showed T. 
gondii could also change the host cell cycle [4]. For example, T. 
gondii infection induced the G1/S transition of the human tro-
phoblasts and fibroblasts, followed by the G2 arrest. As a re-
sult, the host cell proliferation was suppressed, and host cells 
at the G2/M stage increased [1]. Another study showed that T. 
gondii infection caused human fibroblasts to enter S phase. 
This change appeared not only in directly invaded cells but 
also in neighboring cells. The filtered culture media from T. 
gondii-infected cell cultures caused the same changes, suggest-
ing soluble factors mediate such parasite-host interactions [2]. 
These changes are regarded as beneficial for the parasite be-
cause T. gondii more easily invades cells in the S stage [3].
Table 1. Eleven miRNAs with relevant gene ontology terms     
miRNA Changes Gene ontology from GOBPa P-value Associated genes
rno-miR-3075 Up-regulated G2/M transition of mitotic cell cycle 4.80E-02 Khdrbs1 Ppm1d 
rno-miR-92a-2-5p Up-regulated Regulation of cell proliferation 3.30E-04 Cebpa Fbxo2 Ihh Acvrl1 Calr Carm1 Ccnd2 Hnf4a Id3 Irs1 
Itga2 Ngfr Nf1 Nog Nr3c1 Nod2 Nacc1 Pemt Prkca Rac2 
Rarg Bcl2l1 S1pr1 Tp53 Vegfa Vash1 Zmiz1
rno-miR-1224 Up-regulated Regulation of cell proliferation 4.70E-02 Ndfip1 Acvrl1 Becn1 Camk2d  Rb1 Thrb Vash2
rno-miR-223-3p Up-regulated Regulation of cell proliferation 7.10E-03 Pds5b Rerg F3 Il6st Nfib Rps6kb1 S1pr1 Trim35 Ube2a
rno-miR-325-3p Up-regulated mitotic cell cycle 4.70E-02 Khdrbs1 Pds5b Cdca8 Ccng1 Foxo4 Ppm1d Slfn1 Psmc4 
Usp16
rno-miR-200a-3p Down-regulated Cell cycle 2.30E-03 Fbxo5 Pds5b Ruvbl1 Specc1l Apbb2 Cep120 Cyp26b1
Clasp2 Myh10 Psmd11 Ptp4a1 Siah1a Txnip Tgfb2
rno-miR-3072 Down-regulated M phase 4.30E-02 Cep120 Cyp26b1 Lzts2
rno-miR-130b-5p Down-regulated Regulation of growth 2.60E-02 Adam10 Pou3f2  Igfbp2 Lep Ptpn11
Cell cycle 4.20E-02 Cep55 Ccng1 Cyp26b1 Lats2 Mtus1 Ppp6c Rbl2 Txnip 
Ube2b
rno-miR-3586-5p Down-regulated Cell cycle 1.30E-02 Rassf1 Rassf2 Cyp26b1 Gas2 Mnat1 Mapk13 Nusap1
Pafah1b1 Ppp1cc Ptp4a1 Txnip Tp73
rno-miR-493-3p Down-regulated Cell division 2.90E-02 Clf1 Kif3b Ralbp1
rno-miR-217-3p Down-regulated Regulation of cell proliferation 2.80E-02 Hipk1 Il6st Nr3c1 Nod2 Rarb Tacr1
aGene ontology of biological process.
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In our study, the proportion of cells in the S and G2/M 
phase was increased following T. gondii infection of the L6 
cells. In addition, the host cell growth was suppressed com-
pared to that of the L6 cells. The phase-contrast images of the 
T. gondii-infected cells showed continued intracellular replica-
tion of T. gondii at 24 hr and 48 hr post infection. The cell lysis 
was evident from 72 hr post infection and thereafter. Thus, the 
decreased cell growth in the early period till 48 hr probably 
represents suppressed proliferation of directly invaded cells 
and neighboring cells rather than cell lysis. The declining in 
cell number after 72 hr post infection is thought to be associ-
ated with cell lysis.
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Fig. 5. Significantly changed miRNAs in T. gondii RH exosomes compared to those in L6 cell exosomes and their altered signal intensi-
ties. Among these 64 miRNAs, those which are specifically associated with cell cycle or cell proliferation are shown in Table 1.
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To verify our hypothesis that the exosomes can mediate 
these functional alterations in cell growth, we directly added 
the RH tachyzoite exosomes and the L6 cell exosomes in the 
exosome-depleted culture media and observed cell growth 
patterns and cell cycle changes. The uninfected L6 cells grown 
with the RH tachyzoite exosomes exhibited similar growth 
patterns with the T. gondii-infected L6 cells. The cell numbers 
were significantly lower than that of the L6 cells grown in cul-
ture media only or with the L6 cell exosomes. These differenc-
es in cell number were evident at 36 hr after the exosome 
treatment and disappeared at 48 hr. Contrast to these differ-
ences in cell number, the cell cycle status did not differ much 
among the L6 cells grown with RH tachyzoite exosomes, L6 
cell exosomes, and culture media only. Only a minute increase 
of S phase was observed in cells grown with RH tachyzoite 
exosomes at 12 hr after addition of the exosome. However, the 
difference was soon weakened and disappeared at 48 hr after 
the exosome treatment. 
We could observe not only T. gondii infection itself but also 
the exosomes derived from the infected cells caused the altera-
tions in cell growth, i.e., suppression of proliferation and the 
tendency to stay in S or G2/M phase. These changes were only 
transient. Alterations in the cell cycle appeared early, if any, 
and those in the cell proliferation appeared more lately as 36 
hr after the exosome addition. Considering that exosomes act 
to negatively modulate the mRNA of the target genes, we pos-
tulated that the changes in the mRNA and protein profiles oc-
cur in very early period, and later the cell cycle mechanism 
changes and finally the cell number differed as a final pheno-
type. Considering that the doubling time of the L6 cells is about 
22 hr [12], the changes which appeared at 36 hr can be the re-
sults of actions of exosomes in early period as before 12 hr.
In contrast to the effects of direct infection of T. gondii, the 
effects of exosome treatment was only transient. When the L6 
cells were infected by T. gondii, probably the infected cells con-
tinuously secreted the RH tachyzoite exosomes. In contrast, 
the uninfected L6 cells grown with RH tachyzoite exosomes 
were exposed to the exosomes only in the early period. As cells 
continue to proliferate, the initial environment with high 
quantities of RH tachyzoite exosomes would have been re-
placed by the exosomes secreted from the uninfected cells. 
This probably could explain the transient effects of the exo-
somes shown in this study.
Finally, we needed to find out whether the miRNAs that can 
alter the cell proliferation are really contained in the exosomes. 
Using the microarray analysis, total 701 miRNAs were 
screened, and finally 64 miRNAs with significantly changed 
signal intensity were identified. Among them, 11 miRNAs had 
relevant gene ontology terms regarding cell proliferation or 
cell cycle. A total of 91 genes were revealed to be regulated by 
these 11 miRNAs. Among them, there existed famous cell cycle 
regulatory genes, such as cyclin D2 (Ccnd2) and retinoblasto-
ma 1 (Rb1) [13]. Genes associated with sister chromatid segre-
gation (PDS5 cohesin associated factor B; Pds5b), chromo-
some movement (kinensin family member 3B; Kif3b), or cen-
trosome functions (centrosomal protein 120 kDa and centro-
somal protein 50 kDa; Cep120 and Cep55) are also included 
[14-16]. Some genes were functioned in the p53 signaling 
pathway (homeodomain interacting protein kinase 1; Hipk1) 
and some others were in the TGFβ pathway (activin A receptor 
like type 1; Acvrl1) [17,18]. 
These target genes were identified using the nucleotide se-
quences of the miRNAs and web-based database. Thus, wheth-
er these miRNA-gene interactions certainly happen is still 
needed to confirm. However, we could suggest the possible 
miRNAs and their target genes.
In the previous studies using the exosomes derived from T. 
gondii infected cells, the immunological properties of the exo-
somes were mainly investigated. Cells with immunological 
functions, such as dendritic cells or macrophages, were usually 
used in the experiment. The effects of exosomes on inflamma-
tory responses and immunological protection were usually in-
vestigated [19-21]. In contrast, we focused on the cell to cell 
communication as a function of exosomes in T. gondii infection. 
In conclusion, we identified that T. gondii infection alters the 
cell proliferation mechanisms of the L6 cells and that the exo-
somes secreted by T. gondii-infected cells can mediate such 
changes to neighboring cells. Microarray analyses of the exo-
somal miRNAs suggested that miRNAs contained in the exo-
somes could have a possible role. Further studies are needed 
to confirm the actual role of each miRNA and their target 
genes in regulation of the host cell cycle and proliferation.
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